Introduction
Nanocrystalline soft magnetic Fe-B-(Si) based alloys due to their structure and chemical composition exhibit useful magnetic benefits such as a high saturation magnetic flux density (B S ), high permeability (μ E ) and low coercive force (H C ) as well as almost zero magnetostriction (λ). The ferromagnetic bcc-Fe grains in reduced size well below 100nm are immersed in amorphous matrix [1] [2] [3] [4] [5] [6] [7] . The Fe-B-(Si) systems in combination with a small amount of C (as well as with addition of Cu) also have been frequently studied. Alloying with Si and Cu is known to improve magnetic and thermal properties of this system, making these nanostructured materials suitable for many electrical, magnetic and other power applications with lowered material cost [6] [7] [8] [9] [10] . These additions into the Fe-B system improve the glass forming ability and the resulting physical properties. Optimization of the structure by adding a small amount of Cu leads to the enhancement of formation of large number of small clusters from amorphous matrix, creating thus a greater number of smaller crystalline bcc-Fe grains 6, [11] [12] [13] . A proper combination of these alloying elements into the eutectic Fe-B system can lead to the improved glass forming ability and then resulting physical properties, which depend on the final crystalline structure and its proportion to the amorphous matrix: the important and requested properties depend on the final structure of ferromagnetic crystals as well as on their volume content in the remaining amorphous matrix. Only a few combinations of B-(Si)-C additions have been studied so far 12 . In this work we studied the physical properties -transformation of ferromagnetic phases in (Fe 85 B 15-x Si x ) 98-y C 2 Cu y systems, where x=0; 5 and y=0; 1 with the aim to maintain the quality found in systems containing more expensive additions. Present work is oriented onto the characterization of these simple metallic systems. The compositional tuning of the Curie temperature T C of the amorphous phase, the onset of bcc-Fe phase crystallization -T X , the temperature of maximal rate of phase transformation T MAX , and also the changes of activation energies of ferromagnetic Fe phase were investigated. The phase evolution from amorphous matrix by controlled isothermal annealing and/or linear heating is shown. The thermal stability and thermal parameters of the studied alloys were studied. With the methods described in Jen & Yang 14 , Blázquez et al. 15 , Yuan et al. 16 and Švec & Kristiakova 17 it was possible to determine the activation energy in the course of crystallization reaction from the isothermal resistivity measurements.
Experimental Procedure
The amorphous ribbons 6 mm wide and ~20 μm thick were prepared by the planar flow casting (PFC) technique. Chemical analysis of their composition was performed by the inductionally coupled plasma spectroscopy. The sequence of crystallization stages from the amorphous structure was investigated on linearly heated as well as isothermally annealed samples. The kinetic parameters (T X (10 K/min), T MAX (5, 10, 20, 40 , 80 K/min), T C (10 K/min)) were studied by differential scanning calorimetry (DSC7 Perkin Elmer) and by thermogravimetry with the small applied magnetic field (TGA7 Perkin Elmer), both in protective argon atmosphere. The activation energies E AKT were determined from the temperatures of maximal rate of phase transformation T MAX using different heating rates by DSC. Dependencies of the electric resistivity on time and temperature were measured by the high precision four-point probe method in terms of relative electric resistivity (standardized ratio R(T)/R(T 0 =300 K) or R(t)/R(t=5 sec)) under high vacuum. Structure of the as-cast samples as well as of the isothermally annealed ones was investigated by the X-ray diffraction (XRD) using Bruker D8 diffractometer using CrK α radiation and by transmission electron microscopy (TEM) using JEOL 2000FX operating Glass formability and phase transformations in rapidly quenched ferromagnetic nano-structured (Fe 85 B 15-x Si x ) 98-y C 2 Cu y (where x=0; 5 and y=0; 1) systems were investigated. The consecutive crystallization stages of bcc-Fe and borides were determined by resistometry, differential scanning calorimetry and by thermogravimetry, where the values of important transformation parameters were estimated and mutually correlated with the results from the structure analysis by TEM and XRD. Morphology of the nano-sized Fe grains in amorphous matrix and their transformation to borides matrix was observed by TEM in dependence on the chemical composition and thermal treatment. The effects of systematic alloying on the transformation process and on the resulting structure have been correlated with selected magnetic properties of the samples after suitable annealing.
Crystallization in Rapidly Quenched Fe-B-Si System with Additions of C and Cu
Keywords: metallic glasses, soft magnetic materials, nanocrystalline structure at 200 kV. The structure of the samples and the phases present were identified by in-situ TEM observation during both isothermal (30, 60, 90, 150 min) and in-situ XRD linear annealing (2 K/min) of selected samples using CuK α radiation.
Results and Discussion
The transformation from amorphous state into the crystalline one takes place typically in more than one stage -at first the ferromagnetic phases crystallizes, and subsequently the evolution of borides phases from the remaining amorphous matrix appears. The crystallization onset of the samples studied can be seen in Figure 1a as smooth decrease of normalized heat flow. Shape of the transformation curves peaks reflects the nature and the kinetics of these phase changes. The Fe-B-C alloy is an exception to this behavior as it exhibits only a single stage transformation at higher temperatures. This effect is similar to the one observed in Fe-B-P system 18, 19 -of additions of Cu to basic Fe-B-P/Fe-B-C systems, which influences the temperatures of crystallizations onsets. The crystallization in the Fe-B-C sample with addition of 1 at. % Cu (Figure 1a ) splits into two stage transformation, where the first stage appears at lower temperatures. Shape of the transformation curves reflects the nature and the kinetics of these phase changes. Other studied alloys exhibit two stage transformations where the first stage takes place below 700 K and has the character of nanocrystallization 20 . The addition of Si affects the stability of the amorphous remains, which was assessed by the temperature (time) interval between the two subsequent different transformations stages as studied by DSC.
Using the measured values of T MAX for both transformation stages in all samples, the activations energies E AKT were determined by the Kissinger method. The influence of chemical composition on the E AKT of the transformations is shown in Figure 1b : the value for the first reaction lies above 225 kJ/mol and for the second one between 300-360 kJ/mol, the impact of additions is unsystematic. Exception is found in the basic Fe-B-Si system, where the activation energy for this "polymorphous" transformation is around 350 kJ/mol. By the alloying it is possible to tune the structural and kinetic properties as well as the Curie temperature of the amorphous phase. The transition from ferromagnetic to paramagnetic state as measured by thermogravimetry (TGA) is seen in Figure 2 . The downfall and the rise of the magnetic weight indicate the temperature of the change of magnetization and the growing amount of ferromagnetic phase. Comparison of the results shows an important influence of Si and Cu on the phase transformation process -the T C for Fe-B-Si-C-Cu system is about 625 K.
The thermal parameters and the different character of the transformations were also observed by the measurements of relative electrical resistivity dependency on temperature and time. Different kinetics of the first crystallization stage as well as the shift of T X in temperature is shown for different compositions in Figure 3a . The temperature chosen for the XRD analysis (633 K) is marked in the figure, as well. Kinetics of structural changes was observed also by the resistivity evolution during isothermal annealing (Figure 3b) , at 673 K for Fe-B-C sample and at 633 K for the other investigated samples. Higher annealing temperature is shown for the latter one, because this sample exhibits higher temperature of crystallization onset (T X higher than 700 K). By this experiment the annealing regime for the TEM observation by in-situ annealing as well as the times for the observation of final structure were chosen. (Figure 5a) , and the two stage transformation (Figure 5b) , where the second step-the onset of evolution of Fe 3 B boride is shown as well.
Kinetics of structural changes has been observed also by resistivity evolution during isothermal annealing, shown in Figure 3b for 633 K. For the Fe-B-C sample the higher annealing temperature -673 K was used, because this sample exhibits higher temperature of crystallization onset. Thermal regime for the TEM observation by in-situ annealing for the sample Fe-B-C ( Figure 6 ) and Fe-B-Si-C (Figure 7 ) has been selected on the basis of the time evolution of crystallization from Figure 3b . The aim of this experiment was to monitor the evolution of grain size and morphology with proceeding transformation and the differences due to the addition of Si into the basic Fe-B-C system. The growth of the crystalline phase at the expense of the amorphous matrix is illustrated in Figure 6 . By comparison of the resulting structures the 
Conclusion
The study of transformation of the systems based on Fe-B-(Si)-C-(Cu) has indicated the influence of individual addition or the combination of additions of Si and Cu into the basic Fe-B-C system on the grain size morphology and the final structure. This complex metastable system transforms in two stages, as proved by resistivity changes. The exception is the Fe-B-C system where only a single stage transformation occurs. This can serve as a basis for the comparison with similar behavior of Fe-B-P system 18, 19 . Different contents of the ferromagnetic bcc-Fe phase are obtained using the same thermal processing depending on the chemical composition of the alloy. The addition of Si leads to the smaller and more regular bcc-Fe grains, which should guarantee to achieve improved magnetic properties (with low anisotropy) and increase of temperature interval between the two crystallization stages, resulting in a better stability of the ferromagnetic phase and the remaining amorphous matrix, as desired. The addition of Cu makes a small shift of crystallization onset temperature. The used combination of additions in the Fe-B-Si-C-Cu sample have lead to the required stability increase and also to optimization of activation energy for transformation of the ferromagnetic phase. Therefore, this composition can be considered as perspective for use in practical applications and so that it will be the subject for further more detailed studies.
